The literature concerning the dietary requirements of rats and mice for vitamin K has been reviewed and some relevant observations on the breeding colony of rats at Carworth Europe are reported. From the literature cited it is concluded that the true vitamin K requirement, that is, the amount that must be absorbed to prevent prolongation of prothrombin time, is influenced by many factors; the most important are strain, age, sex and environmental temperature. In determining the amount of a particular form of vitamin K that must be included in the diet of a given strain of rat or mouse in a given environment, the principal factors to be considered are the degree of coprophagy, the level of vitamin A and the amount and types of fats and proteins present in the diet.
The mode of action of vitamin K in the animal body and factors influencing its requirements still remain largely obscure.
Nutritional aspects of vitamin K have received considerable attention in the last ten years and much of the work involved the rat as an experimental animal. Metta, Mameesh & Johnson (1959) induced a haemorrhagic syndrome in rats consuming irradiated beef, and subsequently prevented it by dietary vitamin K supplementation.
In the nine years subsequent to this, many new findings have been reported.
It is the purpose of this paper to review the literature with particular reference to the factors which influence the dietary vitamin K requirements of rats and mice.
It should be noted that throughout this article, where a particular form of vitamin K is mentioned, vitamin Kl (phylloquinone) denotes 2-methyl-3phytyl-l,4-naphthaquinone and vitamin K3 (menaphthone) denotes 2-methyl-1,4-naphthaquinone.
FUNCTION OF VITAMIN K IN THE BODY
The most important function of vitamin K in the body is its role in the blood coagulation mechanism.
Vitamin K appears to be necessary for the formation of a number of factors concerned in blood coagulation, namely prothrombin, factor VII, factor IX and factor X; the last three are not destroyed during the coagulation process while prothrombin is. It has been suggested by Johnson (1964) that vitamin K functions in some sort of electron transport system and that it may be required, enzymatically, for the production of the quarternary structure of prothrombin, perhaps by SH to SS bond formation.
It has been suggested that vitamin K has an effect on growth although the evidence is somewhat conflicting. observed a depression in growth rate in the non-coprophagic rat in the absence of dietary vitamin K. Gustafsson, Daft, McDaniel, Smith & Fitzgerald (1962) could detect no difference in the body weights of germ-free rats fed on diets with and without vitamin K, until shortly before death of the deficient animals. A similar observation was recorded by Wostmann, Knight, Keeley & Kan (1963) . Mellette (1961) demonstrated a paraoestrogenic effect of vitamin K. She showed that with a diet deficient in vitamin K, gonadectomy increased the susceptibility to hypoprothrombinaemia of the female rat but decreased that of the male rat. Effects characteristic of oestrogenic hormones were found to follow the administration of either vitamin Kl or menaphthone.
It is the antihaemorrhagic role of vitamin K that is of the most importance in rodents. Dietary exclusion of vitamin K has been shown to elevate clotting times in mice (Murphy, 1939) and rats (Dam & Glavind, 1939; Greaves, 1939) . This phenomenon has been confirmed repeatedly since then.
DIETARY REQUIREMENTS
The requirements of rodents for dietary vitamin K to prevent clotting defects vary with a number of factors.
Physiological factors Strain
Certain strains of rat, namely Sprague-Dawley and Charles River, are more sensitive to dietary deprivation of vitamin K than are Texas A and M, Holtzman and St Louis University strain (Mellette & Leone, 1960; Malhotra, Nalbandov, Reber & Norton, 1963) .
Age
Mellette & Leone (1960) observed a higher mortality and lower prothrombin values in young adult male rats compared with weanling male rats on a vitamin K-deficient diet, while the converse appeared to be true of females. However, Matschiner & Doisy (1962) are of the opinion that the young adult male rat (13 weeks old and about 320g body weight) is a more stable and suitable animal for vitamin K assay than the weanling rat. Johnson, Mameesh, Metta & Rama Rao (1960) showed that females of the same age and strain were more resistant to haemorrhage caused by low vitamin K diets than were the males. This sex difference has been in part explained by enquiries into hormonal influence by Malhotra & Reber (1960) . It would appear that androgen intensifies, while oestrogen relieves, the haemorrhagic syndrome in male rats fed a haemorrhagenic diet. There are, however, intrinsic differences in coagulation factors between the sexes (Mellette & Leone, 1960; Matschiner & Doisy, 1962) . Gustafsson (1948) showed that omISSIon of vitamin K from the diet of germ-free rats led to impaired clotting of the blood and haemorrhage.
Sex

Microfloral synthesis
If germ-free rats were fed a vitamin K-deficient diet and subsequently monoassociated with either Escherichia coli or a sacina-like organism, their prothrombin times returned to normal within 48 hours (Gustafsson et al., 1962) . However, similar association with ten other types of bacteria isolated from rats had no effect. Jacobsen & Dam (1960) showed that other organisms may also be able to synthesize vitamin K compounds.
According to Mameesh, Metta, Rama Rao & Johnson (1962) , the amount of vitamin K-active substance produced in the intestines was 8-11 mg of vitamin K equivalents per kg of dried caecal contents.
Coprophagy
Barnes & Fiala (1958) showed that vitamin K synthesized in the gut was not directly absorbed and that coprophagy was necessary for its utilisation. The quantity of faeces consumed per day varied up to 100 per cent consumption, with an average of 50 per cent consumption (Barnes, Fiala, McGehee & Brown, 1957) . imply that the amount of coprophagy is related to the type of protein used in the diet. Thus coprophagy on a diet containing 20 per cent purified soya protein was about 30-40 per cent, whereas, if the soya protein was replaced by 20 per cent casein, coprophagy was in the region of 60-80 per cent.
Bile
Bile has been shown to be necessary for the absorption of vitamin K from the gut (Butt & Snell, 1941). Johnson et al. (1960) showed that the addition of a few mg of free bile acids to the diet alleviated an induced vitamin K deficiency and decreased its incidence.
The presence of bile, and the presence of exocrine secretion from the pancreas has also been implicated (Sproul & Sanders, 1941; Jacques, Millar & Spinks, 1954) . AND W. LANE-PETTER Environmental temperature Mills, Cottingham & Mills (1944) demonstrated in the rat increased vitamin K requirements with increased environmental temperature.
The adult, male appeared to be the most susceptible, the weanling rat was resistant.
After maintainance at 90 OF (32°C) for about three weeks, acclimatization occurred. Taylor, Millar & Wood (1957) showed the occurrence of transplacental passage of vitamin K 1 (14C labelled) to the foetus.
Placental transfer
Some 12 per cent of this appeared to be in its original form.
Maternal diet may influence this transference and thus the vitamin K levels of the new-born. Almquist & Stokstad (1936) and Cravens, Ransle, Elvehjem & Halpin (1941) demonstrated this in the hen.
Dietary factors Fats and oils
A synthetic fat incorporated at the level of 25 per cent of the diet, and containing a large proportion of dihydroxystearic acid, was shown by Lockhart, Sherman & Harris (1942) to induce vitamin K deficiency in the rat. Nightingale, Lockhart & Harris (1947) reported that dihydroxstearic acid did not have any bacteriostatic or bactericidal effect on the intestinal flora. Gustafsson et at. (1962) concluded that the addition of 25 per cent lard to the vitamin K-deficient diet of germ-free rats accelerated the appearance of signs of deficiency, whereas 10 per cent of peanut oil in the diet exerted a sparing effect.
Certain lipids, namely squalene or oxidized squalene, were shown by Matschiner & Doisy (1961) to produce lowered prothrombin values at a dietary level of 0.5 per cent. Matschiner, Hsia & Doisy (1967) have confirmed this finding, but found that oxidation of the edible oils, namely cottonseed oil, beef fat, cod liver oil, methyl oleate, methyl linoleate and soya bean oil, did not make them effective in the induction of vitamin K deficiency.
The degree of indigestibility thus appeared relevant.
These workers showed that 0.5 per cent squalane and 0.5 per cent mineral oil were as effective as 0.5 per cent squalene in inducing vitamin K-deficiency symptoms; castor oil, however, was ineffective.
Matschiner,
Amelotti & Doisy (1967) showed that both squalene and retinoic acid exerted their anti-coagulant effects by interrupting the absorption of vitamin K, and possibly by diminishing bacterial synthesis in the intestine.
Assay of beef fat, corn oil, soya bean oil and cottonseed oil revealed only very low levels of squalene (0.05, 0.06, O.15 and 0.03 per cent respectively).
The level of 0.15 per cent squalene in soya bean oil could be of significance, however, if high levels were incorporated in the diet. Elliott, Isaacs & Ivy (1940) and Barnes (1942) used large amounts (20 per cent) of mineral oil in the diet of rats and mice respectively, and produced signs of vitamin K deficiency. Javert & Macri (1941) observed a similar effect in pregnant human patients.
However, the work of Matschiner, Hsia & Doisy (1967) has shown that even very low levels are capable of inducing vitamin K deficiency, but these authors nevertheless concluded that the anti-coagulation effect of dietary lipids does not occur except by deliberate administration or ingestion of effective amounts of oil.
Other dietary lipids that have an effect on vitamin K deficiency include tocopherol, dihydroxystearic acid (see above), decanal, and the physiologically important members of the vitamin A family-the retinyl esters and retinoic acid. Of all the lipids mentioned, probably the two most important are squalene and retinoic acid.
Fat-soluble vitamins Vitamin A. Hypervitaminosis
A in the rat results in haemorrhages and increased prothrombin times, which can be prevented by the addition of vitamin K (Light, Alscher & Frey, 1944; Walker, Eylenburg & Moore, 1947) . At physiological levels, the effect of vitamin A on blood coagulation has been shown by Matschiner & Doisy (1962) to produce lowered prothrombin values in rats at levels as low as 500-5 000 iu/kg of diet. Small supplements of vitamin K reversed the hypoprothrombinaemic effect. However, Wostmann & Knight (1965) worked with this problem on germ-free rats and were unable to demonstrate any effect of vitamin A intake upon vitamin K requirements until vitamin A intake exceeded the optimum by a factor of ten or more.
The synthetic compound, vitamin A acid (retinoic acid), was shown by Doisy (1961) to be at least ten times more haemorrhagenic than the acetate, and was by far the most haemorrhagenic substance studied. The acid, however, has not been detected in mammalian tissues, nor is it stored in the body. Leone (1960) , in short-term experiments, showed that increases in the level of a-tocopherol, administered as a separate oral supplement, resulted in a deleterious effect similar to that obtained by using increasing amounts of vitamin A. The level of a-tocopherol needed to induce a significant effect was of the order of 50-400 mg per week. On the assumption that an adult rat consumes not more than 250g of food per week, a dietary level of a-tocopherol of up to 200 mg/kg should produce no effect on vitamin K requirements.
Dietary protein
Different types of dietary protein can encourage vitamin K deficiency. produced vitamin K deficiency in Sprague-Dawley rats fed on a diet containing 20 per cent purified protein.
Matschiner & AND W. LANE-PETTER Doisy (1965) concluded that the milk proteins, casein and lactalbumin, were least liable to induce vitamin K deficiency. Lower levels of prothrombin were produced using soya or beef proteins, and the deficiency was most pronounced in rats fed on diets containing extracted soya protein.
In all these tests, the protein level in the diet was 21 per cent. Richardson (1961a) reported a decreased incidence of haemorrhage after feeding irradiated soya protein, supplemented with either a complete mixture of amino acids, or a mixture of L-cystine, L-glutamic acid and glycine. The antihaemorrhagic effect of supplemental amino acids did not occur in the absence of dietary protein.
This was later confirmed by Matschiner & Doisy (1965) . Doisy (1961) , however, showed that 0.5 per cent tryptophan in the diet had a haemorrhagenic action.
In a subsequent communication Richardson (196lb) concluded that high protein diets increase the vitamin K requirements of male rats. Matschiner & Doisy (1965) confirmed that the source and preparation of dietary protein determines blood prothrombin levels in rats. The lowered prothrombin levels observed with several dietary proteins, namely soya, gluten and zein, were alleviated after simultaneous feeding of a supplement of amino acids. Richardson's (1961b) conclusion that high protein diets increase the vitamin K requirements of male rats was amplified by Matschiner & Doisy (1965) , who determined the prothrombin levels of rats fed several proteins at 10.5, 21 and 35 per cent of the diet. With casein, a dietary level of 10.5 per cent produced a greater lowering of prothrombin values than with levels of 21 and 35 per cent. In studies with soya protein an opposite effect was observed, and prothrombin deficiency was more severe with each increase of dietary protein.
Rats on the 21 per cent soya protein diet required 0.25 mg vitamin K 1 per kg diet to restore the prothrombin levels to normal; rats on the 21 per cent casein diet required only 0.05 mg/kg. Solvent extraction of the protein produced still lower prothrombin levels than did the unextracted protein.
Vitamin K antagonists
The coumarin type of drugs typified by dicoumarol and the indanedione drugs typified by phenindione, are the two chief types of compound which, when given orally, will hasten the onset and intensify the symptoms of vitamin K deficiency.
The compounds are widely used as rodenticides. Sulphonamides and certain antibiotics have an adverse effect on blood coagulation (Nelson & Norris, 1959) .
Form of vitamin K
The type of vitamin K used in the diet of rats and mice appears to influence the level of dietary requirements. Gustafsson et al. (1962) produced K-deficiency in germ-free rats given a vitamin K-deficient diet. Vitamin K 1 was ten times more effective than menaphthone tetra-sodium diphosphate, and 100 times more effective than menaphthone sodium sulphate, in curing the signs of deficiency.
The toxicity of vitamin K-active compounds has been discussed by Deuel (1957) , and it appears that massive oral doses of menaphthone of the order of 0.3 per cent of the diet are required before toxic effects are produced.
OBSERVATIONS ON THE RAT BREEDING COLONIES AT ALCONBURY
Since June 1966, CFE rats (of remote Sprague-Dawley origin) from gnotobiotic foundation stock have been maintained under intensive conditions at Car worth Europe, behind a strict barrier against infection. These animals are commonly designated 'specified-pathogen-free'. During the period of the following observations, the rats in the breeding unit were fed on 'Carworth-Dixon' diet (E. Dixon & Sons Ltd, Crane Mead Mill, Ware, Herts.). After leaving the unit, all the rats were given autoclaved 'Laboratory Small Animal' diet (Spillers Ltd, Old Change House, Cannon Street, London, E.CA) which contained 0.6 p.p.m. added vitamin Ka.
During 1967 a progressive increase was noted in blood clotting times in CFE rats supplied to a local research centre. On arrival blood clotting times were normal or slightly high, but they became progressively longer as the rats were maintained at the centre. Males were more severely affected than the females. Further, towards the end of 1967, a pharmaceutical firm reported a haemorrhagic tendency in CFE rats. A similar report had been received at the end of 1966. Gaunt & Lane-Petter (1967) reported the incidence of a haemorrhagic syndrome in CFE rats supplied to British Industrial Biological Research Association, in which the addition of extra vitamin K to the diet produced a resolution of the condition.
Two conditions of possible relevance to these conditions have been observed in the rats in the breeding unit. First, a progressive rise in the amount of porphyrin staining of the fur of breeding stock was noted. Marginal deficiences of folic acid and pantothenic acid known to exist in the diet of these animals might have been responsible. However, by the spring of 1968 this porphyrin staining had almost completely disappeared from the colony. Second, a low but progressively increasing incidence of mortality occurred in parturient females, due to extensive intra-uterine haemorrhage. In a few cases, pleural haemorrhage and haemorrhage into the lungs was also noted. H. Deer (1967, personal communication) reported in a colony of rats a similar condition, which disappeared after vitamin E therapy. Analysis of the 'Carworth-Dixon' diet revealed a quite low content of a-tocopherol (4 mg/kg as compared with the recommendations of the National Research Council (1962) of 30 mg/kg for breeding stock and 60 mg/kg for growing stock). In December 1967, 120 mg a-tocopherol/kg were added to the diet. However, this appeared to have no effect on the condition, although it produced a dramatic improvement in the reproductive performance of breeders. In September 1967, 1 mg/kg of menaphthone sodium bisulphite was incorporated in the diet. This produced a drop in the incidence, but failed to eliminate it completely.
B. E. Gustafsson (1967, personal communication) suggested that a dietary level up to 10 mg/kg vitamin K l' or 100 mg/kg K s, was desirable for the Carworth Europe colony. In October 1967, 30 mg/kg of menaphthone sodium bisulphite was incorporated into the diet, but failed to check a slow rise in incidence subsequent to the original drop. At the end of November additional vitamin Ka was given in the drinking water. The incidence of the condition is still with us at a low level, despite these measures.
The following factors, which seem to be involved in the vitamin K deficiencysyndrome, may apply to the Carworth Europe colony.
1. The colony is (remotely) Sprague-Dawley derived.
2. The diet is autoclaved at 105°C for 10 minutes, which may induce some chemical changes.
3. The diet contains 6.3 per cent animal fat in a total of 8 per cent fat.
4. The diet contains 22.5 per cent protein, some of which comes from extracted soya bean meal present at 12.5 per cent.
5. The food conversion ratio of these rats is very favourable on this diet (it is almost 1:1 in weanlings). Their daily intake of food is about 109/100g body weight, and hence daily intake of vitamin K is lower than if they consumed more food per day.
6. In the past, the sodium bisulphite salt of vitamin K 3 has been incorporated at the level of only 30 mg/kg. Gustafsson's work suggests that this is inadequate.
CONCLUSIONS
From a review of the work on the role of vitamin K in the nutrition of rats and mice it is clear that the main effect of vitamin K deficiency in these animals is a prolongation of blood clotting times. The intestinal microfLora is more than capable of synthesizing sufficient vitamin K for the requirements of rodents, but coprophagy is necessary before this vitamin K can be utilized. The amount of coprophagy practised appears to be influenced by the type and amount of protein in the diet.
In the light of the literature cited, and of our own experience, the following are probably the more important considerations to be borne in mind when deciding upon an acceptable dietary level of vitamin K. a. Sprague-Dawley and Charles River rats (and possibly other strains) have a higher than average requirement for vitamin K.
b. The level of vitamin A in the diet appears to be of considerable importance in determining the amount of vitamin K supplementation that is needed.
c. The type and the level of dietary protein appears to affect the amount of vitamin K that must be added.
d. The type and level offats and oils in the diet should be reviewed, although most rodent diets have only up to 10 per cent of fat in them (many diets have below 5 per cent).
e. The form of vitamin K used as a supplement will influence the level which it must be added to the diet.
